INTRODUCTION
Silicon based dielectric films deposited by chemical vapor deposition (CVD) techniques are widely used in both very and ultra large scale integration (VLSI and ULSI) technology for integrated circuit device manufacturing. Among the large variety of dielectric materials that can be produced with CVD techniques, those concerning with this work are undoped silicon glass SiOz (USG), phosphosilicate and borophosphosilicate glass (PSG and BPSG), silicon osynitride and nitride films.
USG films deposited by plasma enl~anced CVD (PECVD) [l] are principally used as intermetal insulation in multilevel interconnection devices and for final passivation stacked with PSG or oxynitride films. The main film properties required for this application are: i) Deposition process temperature around or below 420 OC and compatible with metal layers;
ii) low dielectric constant ( 5 4 .1) to avoid parasitic capacitive and "cross-talking" effects;
iii) good electrical intermetal insulation; iv) low compressive stress; v) good film conformality.
Furthermore, SiOa films deposited by low pressure CVD (LPCVD) based on a tetraethylorthosilicate (TEOS) liquid source are employed as protective diffusion masks under the intermediate BPSG films or for the formation of sidewall spacers.
Doped silicon glass films (i.e., PSG and BPSG) are mainly used as intermediate layers between overlying metallization and underlying polysilicon levels. The main characteristics required for this application are: i) Conformal step coverage on micron and submicron structures; ii) effective protection against alkali ions (Na+, I<+, etc.) that can lead to no11 reliable device performances; iii) low temperature (< 950°C) reflow under standard furnace annealing for 1.0 pm technology devices; iv) complete film planarization for 0.5 pm technology devices after rapid thermal annealing (RTA) for few seconds at about 1050 OC: v) good electrical insulation between metal and polysilicon layers.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19955100 PSG films with a phosphorus content in the range 7+8 weight per cent (wt %) and an annealing temperature of over 950 OC are used for this application in device technology down to 1.0 pm. The increase of phosphorus in the film over 8 wt % leads to non reliable film properties. [2] PSG films used for this application are mainly deposited by atmospheric pressure CVD (APCVD). [3] To guarantee a lower reflow temperature (< 950°C) of intermediate layers, cornpatibile with shallow junction formation and necessary for device manufacturing of technology of 1.0 pm and below, BPSG films replace PSG ones, the addition of boron producing a reduction of the reflow temperature. Typical doping concentrations in these films are in the range of 2 t 3 wt % boron and 6t8 wt % phosphorus.
PECVD silicon oxynitride films are mainly used for final passivation of devices assembled in plastic package, such as one time programmable, flash, and electrically erasable programmable read onlv memories. In ~articular. these films find a larae use in the manufacturing of non--volatile Aemory devices, due to theii good cracking and moisture resistance, low compressive and easily controllable stress, and ultraviolet-visible (UV-vis) transparency for memory cell erasing.
Oxynitride layers are often employed in combination with PSG films ( 2~4 wt % P ) or USG and in many cases this stack is finished with a thick (some micrometers) polyimide buffer coating.
PECVD silicon nitride film characteristics match the requirements of a good final pa.ssivation very well. In fact, silicon nitride films provide better performa.nces than oxynitricle films (excepted UV-vis transparency) and, moreover, they give an efficient barrier against alka.li ions and a. conformal step coverage. In the last few yea.rs PECVD technique evolution has led to an easy stress control of such films and to the deposition of a silicon nitride that is UV-transmissive and has a low (about 1.9 a t 632 nm wavelength) refractive index.
Regarding the techniques used for dielectric film deposition, the PECVD is largely adopted for intermetal and final pa.ssiva.tion a.pplica.tions. Different models of pla,sma deposition systems, single chamber or batch, are commercially a.va.ila.ble; the features of new genera.tion PECVD systems include single wafer processing, low pa.rticle conta.mina.tion, sub-half micron complete gap filling capability, plasma-damage free processes, high density plasma, genera.tion, etc. APCVD technique is still widely used for the deposition of undoped oxides and doped intermedia.te ones like PSG a,nd BPSG (both based on silane or TEOS silicon source). An important a.pplica,tion of LPCVD technique concerns the deposition of high quality oxide films based on TEOS liquid source chemistry.
The aim of this work is to provide an overview of the optical properties of undoped and doped silicon glass, silicon oxyaitride. and nitride films in the UV-vis and in the iilfrared (IR) spectral ranges. In Sec. 2 the properties that can be obtained by means of the optical characterization of CVD dielectric films in the two snectral ra.neres are illustra.ted. On this ba.sis. in Sec. 3 the " properties of the different fillns usually employed for microelectronic device manlifacturing, i.e. undoped and doped silicon oxide, silicon oxynitride, and silicon nitride, are reviewed. Finally, the most important results and conclusions are suminarizecl in Sec. 4 .
OPTICAL ANALYSIS
In the UV-vis spectral range, typically from 0.2 to 0.9 pm wavelength, the study of the optical properties of amorphous dielectric materials is related to the detection of their absorption edge and the determination of their optical energy gap. These characteristics are particularly important for some of the films used in microelectronic device manufacturing, depencling on the type of application required. For example, the insulation properties of silicon oxide or nitride films are often fundamental when those materials are used as intermetal layers and are directely connected with the optical energy gap. At the same time, the trallsmission properties of oxynitride and nitride films, particularly relevant for final passivation layers in erasable programmable read only memories (EPROM), are related to both the real and imaginary parts of the complex refractive index 7i = n + i k of the material.
The optical function which is usua.11~ employed to describe UV-vis properties is the complex dielectric function Z(E) = c l ( E ) + ic2(E), where E is the photon energy, rela.ted t.o the refra.ctive index by & = 7i. From the spectra of c2 the value of the optical gap can be ohtained by plotting ~a vs E (Tauc plot) or, similarly, vs E, where cr. = 4rrklX is the absorption coefficient and X the wavelength. The intercept of the extrapolated linear part of the curve with the energy axis is defined as the optical energy gap (or Tauc gap).
[4]
The experimental techniques usually employed to study the UV-\,is properties are transmit-tance and reflectance (T and R, respectively) measurements and spectroscopic ellipsometry. The measurements of T and R over a certain spectral range can lead to the determination of the dielectric function E(E) of the sample by means of the Kramers Kronig relations, [5] once the geometrical structure of the sample is known. When studying a dielectric film deposited on a substrate, for example, one has to know the film thickness as well as the substrate optical function (Z or ii) over the spectral range of interest. In some cases, information on the film thickness also comes from the R spectrum, where interference fringes ma.y appear, and depend on both the film thickness and refractive index n. The use of spectroscopic ellipsometry as a characterization tool has grown rapidly in recent years and is becoming more and more important. [6] The ellipsometric data obtained from the measurements are the functions t a n 4 and cos A, which are related to the optical properties of the sample through the Fresnel reflection coefficients Fp and F,:
From this equation information on the structural and optical properties of the sample can be obtained. The bare data need to be elaborated on the basis of tentative models for both the sample structure (bulk sample or multilayer, number of layers, surface and interface sharpness, etc.) and the optical properties of layers and substrate. Several methods are available to describe the Z function of dielectric films, [6] such as those based on the Bruggelnan effective medium theory [7] or on different analytical models. [8, 9] Although rather sophisticated, the very high sensitivity and reliability of spectroscopic ellipsometry have led researchers to prefer it to other optical techniques and, in particular, to singlewavelength ellipsometry, which can only provide one n value (usually at 632.8 nm wavelength) and the film thickness. Indeed, different material compositions can result in the same n value, and different refractive index-thickness pairs can correspond to the same t a n 4 and cos A data. Spectroscopic measurements in most cases permit these problems to be avoided. Nevertheless, it is important to underline that even a single n value can be useful when comparing properties of different materials with nearly the same composition and structure. For example, in the case of SiOz films grown with different techniques n increases with density and with oxygen deficiency. [lO] Besides the material composition and structure, several factors affect the optical properties of dielectric films. These include the iinpurity type and content, the deposition technique used, and the thermal treatments they received, if any. As a typical example, in the dielectric films deposited by CVD, hydrogen atoms are often present as impurities (up to lo2' atoms/cm3) and they may have an influence on the optical behavior of these films. The optical characterization in the IR range, usually performed in the medium IR from 5000 to 400 cm-l, provides information on the chemical bonds present in the films, on their coinposition aild structural order. The spectral position of the absorption bands in the IR spectrum corresponds to the characteristic frequency of the bond giving rise to absorption, their intensity to the number of such bonds, and their width to the spread of the frequency value, i.e. to the structural order of the material. The study of these spectroscopic parameters can lead to a deep comprehension of the material properties and behavior under different conditions. For example, after annealing the characteristic IR absorption bands related to Si-0 bonds in silicon oxide usually appear narrower and more intense, indicating a reordering of the amorphous structure of the material. On the other hand, the intensity of the bands related to the presence of Si-H bonds or OH groups, often present in several Si-based CVD films, strongly decreases after sample annealing, indicating a decrease of hydrogen atoms and OH groups in the film.
From the IR transmission spectrum a quantitative evaluation of the various bonds and impurities can also be performed (neglecting reflectance), after a calibration procedure on reference samples. Such a calibration has been carried out in the case of hydrogen atoms in silicon oxide and nitride, [ll,l2] and recently extended to oxynitride, and conversion factors to obtain H concentration from the IR absorption bands related to Si-H and N-H bonds are available. The conversion factors to obtain N concentration from the absorption band due to Si-N bonds(l31 and OH concentration from the bands due to Si-OH groups and HzO molecules are also available (at least for sio2).[10,14]
Following the procedure proposed in Ref. 12 , the concentration of impurities, say hydrogen concentration [HI, in atoms/cm2 can be obtained from the area A (in absorbance x cm-l) of a related absorption band (for example, Si-H or N-H bands) considering:
where a is the absorption cross-section (in cm2) of the particular bonds involved in the absorption process. To obtain the volume concentration of impurities in atoms/cm3 the value [HI of Eq. (2) has to be normalized to the film thickness.
The experimental techniques adopted to study the IR properties of dielectric films are T and R measurements, usually performed with a Fourier transform spectrometer. For thin film characterization particular experimental techniques such as the attenuated total reflection measurements,[l5] the IR absorption reflection spectroscopy,[l6] and the surface mode excitation[l7] axe sometimes more suitable.
Ellipsometry has also been successfully applied in the IR spectral range,[lS] but its use is still limited by the complex data treatment required, when considering that for most applications standard T measurements are fully satisfactory.
RESULTS AND DISCUSSION
The main properties of the dielectric films used in microelectronics coming from their optical characterization are here reviewed on the basis of the results obtained on the samples listed in Table I . For each compound some of its typical characteristics as well as its main applications in device manufacturing are reported. In the table the different films are labelled with the technique and the silicon source used during deposition. The wet etch rate is measured using a 1:10 HF solution in deionized water; the positive stress values refer to tensile stress, while the negative ones to compressive stress. Among the BPSG listed, that deposited by LPCVD from silane is not currently used in device manufacturing, but has been analyzed for comparison with the others.
Undoped silicon oxide.
Undoped silicon oxide films deposited by different techniques and used for several different applications were studied by means of optical analysis. The most interesting results on samples deposited by APCVD from silane (SiH4), deposited by PECVD from SiH4 or from TEOS, and deposited by LPCVD from TEOS are here reviewed.[l9,20] The process conditions used for the different depositions are reported in Table 11 ; for the films deposited by LPCVD different conditions were used and the table reports the ranges of the various parameters. Due to their applications (see Table I ), these films have been studied mainly in the IR range, where information on impurities and characteristic bonds can be obtained; on the contrary, the UV-vis study has been limited to the determination of the real part n of the refractive index at 632.8 nm wavelength, useful as a general characterization parameter. The films deposited by APCVD show n=1.440, while those deposited by PECVD from SiH4 have n=1.472, in any case very close to the thermal Si02 refractive index. A higher n value indicates that the amorphous network of the film is more disordered and the composition different from Si02 stoichiometry; in particular, in the case of PECVD films it is well known that hydrogen impurities are often present.
The real part of refractive index of LPCVD Si02 films deposited by TEOS varies as a function of the different conditions used. The variation of the deposition temperature in the range from 650 to 745 "C seems to play a key role, leading to different n values, from 1.428 to 1.446. In this case, the close correlation observed between the refractive index and the density p indicates that the variation of n is mainly due to a different atomic arrangement in the structure of the different samples. In other words, here the Clausius-Mossotti relation:
where K is a constant evaluated from reference data, is fully satisfied. [l9] In the IR spectrum of USG films two absorption bands related to OH bonds are detectable, one at about 3450 cm-' attributed to the stretching of OH in H 2 0 molecules embedded in the film and one at about 3650 cm-I attributed to OH bond stretching in Si-OH groups. The detection limit for OH bonds is rather high, i.e. about 0.1 wt %. At about 2200 cm-' the presence of Si-H bonds can be detected and a concentration of such bonds evaluated from the area of the corresponding absorption bands. At lower wave numbers the three characteristic absorption bands related to Si-0 bonds are detectable at about 1080 cm-l, 810 cm-', and 450 cm-', attributed to Si-0 stretching mode, to Si-0-Si bending mode, and to Si-0-Si rocking mode, respectively.
The quantitative analysis carried out on the OH-related absorption bands present in the spectra of the samples of Table I1 shows that the films deposited by APCVD contain up to one order of magnitude more OH bonds than those deposited by PECVD; moreover, TEOS-based films are richer in OH than silane-based ones, although they are both deposited by PECVD. Annealing at 430 "C in N2 for 15 min leads to only a slight reduction of Si-OH content in both APCVD and PECVD films, while the HzO-related absorption band is strongly reduced, as observed in Fig.  1 where the spectra of as-deposited and annealed undoped SiOz films obtained by APCVD are shown. Silicon oxide films deposited by LPCVD show a different behavior: the intensity of both OH-related absorption bands is reduced by annealing at 950 OC in N2 for 15 min to below the IR detection limit. As an example, in Fig. 2 the IR spectra of as-deposited and annealed films deposited by LPCVD at 650 "C are shown. In the whole range of deposition temperatures used (see Table 11 ) the concentration of OH bonds in all the as-deposited films is almost the same. The main absorption band of S O z , i.e. that due to the Si-0 stretching mode, is very similar in the spectra of APCVD and TEOS-based PECVD films, showing the same spectral position and full-width at half maximum (FWHM), i.e. 1078 cm-' and 210 cm-', respectively. The same band is observed at 1066 cm-' with a FWHM of 220 cm-' in the spectrum of SiH4-based USG films deposited by PECVD and, therefore, they are deduced to be more disordered and slightly apart from Si02 stoichiometry. The spectra of these three films are shown in Fig. 3 . The same absorption band in the IR spectra of the films deposited by LPCVD from TEOS is at 1068 cm-' with a FWHM of 79 cm-', independently of the deposition temperature used. After the annealing the frequency of this band increases to about 1072 cm-' for all films, while its FWHM remains almost unchanged. Although the spectral position detected is rather far from the 1078 cm-' of thermal Si02 (usually considered as a reference silicon oxide), the low FWHM of the band and the independence of all parameters with respect to the deposition temperature lead to the belief that the films deposited by LPCVD are stoichiometric SiO2 with a porous structure. A densification may be obtained by annealing, as deduced from the increase of the spectral position of the Si-0 stretching band. The study of the rocking mode of Si-0-Si groups at about 450 cm-' confirms the trends reported above for all films. 
Doped silicon oxide.
The SiOz films doped with P and B used in microelectronics are usually deposited by a CVD technique. The main information that can be obtained on these materials by means of optical characterization is here illustrated for PSG films deposited on silicon substrates by APCVD and PECVD from different sources, and for BPSG films deposited by APCVD, and by LPCVD from different sources. [20, 21] Silicon sources are SiH4 or TEOS, while for the dopants PH:, and B2Hs gases or trimethylphosphite (TMP) and trimethylborate (TMB) liquid sources are employed. Table  I11 reports the deposition parameters used to obtain the different samples. The refractive index of PSG films shows the same behavior as that of undoped oxide, i.e. it is slightly higher for PECVD films than for APCVD ones. Its value, about 1.464 for all as-deposited BPSG samples, increases slightly after annealing (1.475) due to film densification (both density and etch rate data support this interpretation).
In the IR range the spectra of PSG films show the OH-related absorption bands detected also in the USG spectra. Annealing at 430 "C in N2 for 15 min reduces the OH content in SiH4-based P-doped films more than in the analogous undoped films, while it is ineffective on TEOS-based PSG films. Deconvolution of the IR spectra from 4000 to 2800 cm-' reveals that a third OH band, related to more strongly bonded Si-OH groups which probably share the Si atom, is present at about 3537 cm-'.[10,20] The PSG samples deposited by APCVD are the only ones which contain Si-H bonds, evaluated from the 2200 cm-' absorption band to be about 4x1020 cmV3.
The IR transmission spectra of P-doped SiOz films in the low wave number range where the main absorption bands are detectable are reported in Fig. 4 . The position and FWHM of the Si-0 stretching band are the same for the three different films, i.e. 1089 cm-' and about 210 cm-I, respectively. These data suggest that PSG are highly disordered (high FWHM) Si02 stoichiometric oxides. Among BPSG films, those deposited by LPCVD from silane are the only ones with a detectable OH content, probably related to the incomplete oxidation of the reactants during deposition, which leads to hygroscopic films. In the range from 2000 to 400 cm-I the spectra of BPSG films show several absorption bands, as observed in Fig. 5 . The Si-0 stretching band is at about 1090 cm-', with a lower FWHM for the LPCVD films deposited from TEOS; therefore, these films are deduced to possess a more ordered network, possibly due to the low P content and high deposition temperature. At about 1390 cm-' and 1320 cm-', the stretching of B -0 and P=O bonds respectively gives rise to absorption, while at about 920 cm-' absorption is related to B-0-Si groups.
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After annealing (RTA at 1050 "C or furnace annealing at 920 OC in different ambients) the intensity of the P=O absorption band is enhanced, while that of OH-related band is reduced. These two effects are correlated, as already explained, and are particularly evident in the spectra of BPSG films deposited by LPCVD from SiH4: in the spectrum of as-deposited samples no P=O absorption is detectable, while in those collected after sample annealing it clearly shows up. Finally, film densification and reordering are other effects of annealing, common to all films.
Among the B-and P-doped oxides analyzed, those deposited by LPCVD from TEOS are the most stoichiometric and stable, as deduced from the high wave number of Si-0 stretching band and very slight annealing-induced effects. 3.3 Silicon oxynitride a n d nitride. As clearly appears in the introduction, silicon oxynitrides (with the general formula Si0,N y ) have become more a.nd more interesting in recent years for several applications. CVD techniques are widely used to deposit these materials, giving the possibility of obtaining films with controlled composition. The interest in such dielectric compounds has led to the publication of a lot of research papers regarding both deposition and characterization, as well as theoretical modelling. [22] To give an overview of the main optical properties of silicon oxynitride and nitride, the study of a series of 0.25 pm thick films with varying composition and hydrogen content deposited by PECVD is illustrated. The fluxes of the reactants used in the deposition of those samples are listed in Table IV . Sample 4 is the silicon oxynitride used in the applications, while samples 7 and 8 respectively are the UV-transparent and standard silicon nitride (see Table I ).
The oxynitride samples (samples 1 to 6) have been studied in great detail in both the UVvis and IR spectral ranges, but for a full characterization further data are needed. In particular, the stoichiometry indices x, y, and z of the general formula of hydrogen-rich silicon oxynitride SiO,NyH, were measured by means of Rutherford back scattering, nuclear reaction analysis, and elastic recoil detection; the film density is derived from weight and volume measurements. The data obtained are listed in The UV-vis properties of silicon oxynitride and nitride are particularly relevant when those compounds are used as final passivation layers for EPROM cells which have to be cancelled by UV irradiation (the spectrum of the lamps usually employed is from about 0.2 to 0.3 pm wavelength). The study of optical absorption and reflection in this spectral range has heen performed hy means of elli~sometrv and reflectance measurements.
Before illustrating the results, it is worth mentioning that the interpretation of ellipsometric data requires a preliminary analysis of the most adequate models for the sample structure and optical behavior.[G] In the case of silicon oxynitride this analysis was carried out [23] considering, besides the direct calculation of the real and imaginary parts of the complex refractive index ii from Eq. 1, the Bruggeman effective medium [7] and the Sellmeier analytical model. [8] Direct calculation can give good n results, but the k spectra are completely unreliable because the spectral range of ellipsometry data is precisely where k has a very low value, but higher than zero (of the order of 0.01). The use of the Bruggeman model considering SiOz and Si3N4 as two components for SiO,NyH, leads to a good fit of experiinei~tal data, in particular when the samples are considered as two lavers with different colnnositioll denosited on the silicon substrate. Regardine: this method -for data treatment, two remarks are necessary. First, the Bruggeman model is adequate to the PECVD oxynitride samples only as a way to obtain a good fit of ellipsometric spectra, but it does not suggest that these samples are physically a mixture of two phases (namely, SiO2 and Si3N4). From IR data (see below) it appears clearly that the sarnples are homogeneous, i.e. their structure is a completely random distribution of Si-0 and Si-N bonds, which call Ile described in the framework of the random bonding mode1. [27] Second, the two-layer structure is probably a good physical model for PECVD films, because it improves the data fit and it is in agreement with other findings reported in the literature. The spectra obtained from ellipsometry on the basis of this analysis (Bruggeman model and two-layer structure) are shown in Fig. 6 for the silicon oxjmitride samples. Both n and k values increases in the whole spectral range as the oxygen content in the sample decreases (i.e. from sample 1 to sample 6). The salne trend aild nearly the same al~solute values for n are foullcl on the basis of the Sellmeier model, which does not give satisfactory results for the extinction coefficient k. To evaluate the optical energy gap of the different oxynitride sanlples the Ta.uc plot as obtained after extra.polating the k spectra derived from ellipsometry up to 10.5 eV is considered. [24] In the strong absorption region 6 versus E shows a linear behavior and the optica.1 gap E, can be obtained. Figure 7 is the Tauc plot for the samples from 1 to 6; the values of Eg range froin about 9.3 eV to 7.7 eV, scaling down with oxygen content in the sample. For comparison, it is useful to note that literature SiOz and Si3N4 have an energy gap of about 9.4 eV and 5.3 eV, respectively. The gap widening as a function of oxygen cont,ent has been related to the shift of the bottom of the conduction band to higher energy. It is interesting to note that several authors found that Eg increases as a function of oxygen content; slowly in the 0-rich samples and more ra.pidly in the N-rich samples. [24.32,34] Reflectance measurements in the range from 0.19 to 0.70 pm show [24] strong interference fringes, due to the superposition of light reflected by the air/film and film/substrate interfaces. At high energy the second interface contribution becomes negligible as the extinction coefficient of the film increases (samples with higher N content). The comparison of experimental reflectance spectra and reflectance spectra calculated using literature optical data for the silicon substrate and the ellipsometric data of Fig. 6 for the oxynitride films, leads to a very good agreement.
Recently, a model has been developed [35] to evaluate the dielectric function of hydrogenrich silicon oxynitride on the basis of the tetrahedron model, initially proposed for silicon oxide and nitride. [36, 37] The short range order present in the amorphous network of several Si-based compounds (including silicon oxynitride) is the fundamental point. In particular, silicon oxynitride is considered to be a random arrangement of groups of five tetrahedrally coordinated atoms: a central silicon atom and four different atoms at the vertices of a regular tetrahedron. The presence and number in the sample of each different tetrahedral structure, i.e. with different vertex species, depends on the composition. For H-rich silicon oxynitride the possible vertex species are 0, N, Si, H, and NH groups, therefore 30 tetrahedra have to be considered (having excluded some less energetically favored atomic bonds).
For each tetrahedral unit i a complex dielectric function 2; is calculated by scaling the experimental dielectric function of a reference material (typically SiOz or Si3N4) both with respect to intensity and spectral position. The scaling coefficients are calculated according to the type of atoms and bonds present in the particular unit. Taking into account these structural units, from the composition of the sample, i.e. from the experimental indices x, y, and z in the formula SiO,NyH, (see Table V ), the volume fraction v; occupied by each unit is evaluated and then used to calculate a weighted average of the different dielectric functions of the tetrahedra.. Finally, the dielectric function E" of the silicon oxynitride is obtained from:
where N is the total number of tetrahedral structures considered.
When studying real samples, [26] imental n spectra is very good, although it is important to note that the experimental uncertainty on x, y, z , and p leads to a strong difference in the calculated values. In other the model turns out to be much more sensitive to composition and density than the experimental techniques used to measure such parameters. Regarding the k spectra, ellipsometry data are not completely reliable, due to the very low values of silicon oxynitride k in the investigated spectral range. In addition, the model includes in the material as many Si-Si bonds as necessary to saturate all bonds (this is one of the basic assumptions for the tetrahedron model), while in the real samples Si dangling bonds may be present. Inclusion of Si-Si bonds leads to stronger absorption and, therefore, to higher calculated k values.
Fig. 8
Comparison between calculated (lines) and experimental (circles) n and k spectra for sample 1.
The IR transmission spectra of silicon oxynitride and nitride show absorption bands related to hydrogen impurities; in particular the most intense ones at about 2200 and 3350 cm-' are attributed to Si-H and N-H stretching modes, respectively. The spectral position of these two bands shifts to higher wave number with increasing oxygen content in the sample, as illustrated in Fig. 9 . This trend can be explained very well considering the total electronegativity of the nearest neighbors of Si-H and N-H bonds; [25, 38] in oxygen-rich films it is higher than in nitrogen-rich ones, therefore the frequency of the stretching mode is also higher. The area of these absorption bands permits a quantitative evaluation of the two types of bonds, as illustrated in Sec. 2. For the silicon oxynitride films of Table IV Si-H concentration ranges from 0.6 to 2 . 4~ lo2' cm-3 and N-H concentration from 2.2 to 18x1OZ1 ~r n -~ going from sample 1 to 6. Nitride samples 7 and 8 show a strong difference in the hydrogen distribution in the two bonding states. Sample 7, deposited to obtain a good UV transparency, contains 2 . 2~ lo2' cm-3 Si-H bonds and 1 9~1 0~~ cm-3 N-H bonds, while the standard silicon nitride used in integrated circuit manufacturing, i.e. sample 8, contains 11.3 x 10'' cm-' Si-H bonds and 5 x lo2' cm-= N-H bonds. These findings may suggest that a correlation between hydrogen bonding state and transmission properties of the film exists, but this conclusion is not supported by all experimental data and the question remains still unsolved.
In the low wave number range the typical absorption bands related to Si-0 and Si-N bonds are detectable. For the samples from 1 to 8 a continuous shift of the spectral position of the main absorption band is observed, from 1046 cm-' for sample 1 to 827 cm-' for sample 8, compared with about 1080 cm-' for SiOz and about 830 cm-I for Si3N4 reported in the literature. Figure 10 shows the spectra of the as-deposited samples in the range from 1600 to 400 cm-'. The main peak, corresponding to Si-0 stretching in oxide-like samples and to Si-N stretching in nitride-like ones, shifts to lower wave numbers as the sample composition changes from SiOz to Si3N4. This trend has to be related to the different average atomic environment of the Si-0 or Si-N bonds in the different samples, i.e. to the different total electronegativity of their neighbors. Moreover, this behavior suggests that the optical response is due to 0-Si-N groups typical of oxynitride and not to Si-0 and Si-N bonds, which would give rise to two separate peaks at about the oxicle and nitride wave numbers. Showing only one absorption band, the spectra of Fig. 10 suggest the conclusion that the PECVD films studied are homogeneous alloys and not two-phase compounds. [ll,25] Indeed, this question is still open [22] and evidence of phase separation is reported in samples deposited by different techniques. [39, 40] In the spectra of Fig. 10 the absorption bands due to Si-0-Si bending and rocking modes (at about 810 and 450 cm-', respectively) are also present, with an intensity decreasing from the spectrum of sample 1 to that of sample 8, i.e. with the change in sample con~position.
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CONCLUSIONS
The main optical properties of several CVD dielectric films used in microelectronic device manufacturing are reviewed. Characterization in both the UV-vis and IR spectral ranges can provide information regarding the film structure, composition, and impurity content. The IR. study of undoped oxides, usually empleyed as sidewall spacer, diffusion barrier, or intermetal and fina.1 passivation layers, permits the det,ermina.tion of the stoichiometry and structural order of the films with respect to a sta.ndard (usually therma.1 SiOz). Doped oxides, employed in ~nicroelectronics as intermediate and final pa.ssiva.tion layers, are characterized a.ccording to dopant and impurity content. Analyzing silicon oxynitride and nitride films, used as final passivation layers, showed the validity of ellipsometric characterization in the UV-vis range. Atomic bonding can be closely related to the complex dielectric function of the films, as well as to the characteristic IR absorption bands. Finally, for all films, IR analysis permits the effect of annealing to be studied and the hydrogen content in the possible different bonding states to be quantified.
Here, optical techniques have been demonstrated to provide a wide characterization of CVD dielectric films and can therefore be considered as very good analytical methods to be used in the future for in situ monitoring of the CVD deposition process.
